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A unique feature of several T=3 icosahedral viruses is the presence of a structure called the β-annulus formed by extensive hydrogen bonding
between protein subunits related by icosahedral three-fold axis of symmetry. This unique structure has been suggested as a molecular switch that
determines the T=3 capsid assembly. In order to examine the importance of the β-annulus, a deletion mutant of Sesbania mosaic virus coat
protein in which residues 48–59 involved in the formation of the β-annulus were deleted retaining the rest of the residues in the amino terminal
segment (rCP (Δ48–59)) was constructed. When expressed in Escherichia coli, the mutant protein assembled into virus like particles of sizes
close to that of the wild type virus particles. The purified capsids were crystallized and their three dimensional structure was determined at 3.6 Å
resolution by X-ray crystallography. The mutant capsid structure closely resembled that of the native virus particles. However, surprisingly, the
structure revealed that the assembly of the particles has proceeded without the formation of the β-annulus. Therefore, the β-annulus is not
essential for T=3 capsid assembly as speculated earlier and may be formed as a consequence of the particle assembly. This is the first structural
demonstration that the virus particle morphology with and without the β-annulus could be closely similar.
© 2008 Elsevier Inc. All rights reserved.Keywords: Sesbania mosaic virus; β-annulus; Coat protein; Virus assembly; X-ray crystallographyIntroduction
Sesbania mosaic virus (SeMV) is an isometric, single
stranded positive sense RNA virus belonging to the genus
Sobemoviruses (Tamm and Truve, 2000). The X-ray crystal
structure of native SeMV demonstrates that the viral capsid is
composed of 180 copies of a single coat protein (CP) arranged
on a T=3 icosahedral lattice. The asymmetric unit of the
capsid is composed of chemically identical A, B and C
subunits occupying quasi-equivalent environments (Bhuva-
neshwari et al., 1995). A-type subunits form pentamers around
the icosahedral five-fold axes. B- and C-subunits form
hexamers at the icosahedral three-fold axes (quasi six-foldAbbreviations: SeMV, Sesbania mosaic virus; rCP, recombinant coat protein.
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doi:10.1016/j.virol.2008.01.023axes). The amino-terminal arms of the CP are ordered from
residue 44 in the C-subunits while in the A and B subunits,
they are ordered from residue 73.
Residues 48–59 of the amino-terminal arms of the C-
subunits interact at the icosahedral three-fold axes through a
network of hydrogen bonds to form a structure called the β-
annulus (Fig. 1). A similar structure has been found in many
other sobemoviruses such as Southern bean mosaic virus
(SBMV) (Abad-Zapatero et al., 1980), Rice yellow mottle
virus (Qu et al., 2000) and Cocksfoot mottle virus (Tars et al.,
2003) as well as in viruses of Tombusviridae family — To-
mato bushy stunt virus (TBSV) (Olson et al., 1983), Turnip
crinkle virus (Hogle et al., 1986), and Cowpea mottle virus
(Ke et al., 2004) and other viruses such as Tobacco necrosis
virus (Oda et al., 2000). In Cowpea chlorotic mottle virus
(CCMV), which belongs to Bromoviridae family, there is an
analogous structure termed as the β-hexamer at the icosahe-
dral three-fold axes (Speir et al., 1995).
Fig. 1. Structure of SeMV capsid protein at the icosahedral three-fold axis.
(a) Hexameric capsomere showing B (blue) and C (olive) subunits around the
quasi six-fold axis. The amino terminal arms of the C-subunits forming the
β-annulus is shown. (b) The residues involved in the β-annulus formation are
represented as a wire frame model. Black dots represent hydrogen bonds be-
tween the residues.
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are two types of dimers— A/B with disordered arms (relaxed
dimers) at the quasi two-fold axes and C/C with ordered arms
(tensed dimers) constituting two additional β-strands at the
interface near the icosahedral two-fold axes. The presence of
ordered arms makes C/C dimers relatively flat in comparison
with A/B dimers and thus, the virus particles display distinctly
different curvatures at the icosahedral two-fold axes and quasi
two-fold axes. β-annuli at the icosahedral three-fold axes and
icosahedral two-fold axis related dimeric interactions link all Csubunits into a continuous T=1 scaffold. Based on these obser-
vations, Harrison and coworkers (Sorger et al., 1986) proposed
that the β-annulus functions as the molecular switch, which
controls the size and curvature of the assembled particles in
Turnip crinkle virus. According to this model, assembly is ini-
tiated by trimers of C/C or tensed dimers promoted by the in-
teraction of their ordered β-annulus segments, which is further
stabilized by interaction with RNA. Assembly could proceed by
the interaction of C-subunits at the icosahedral two-fold axes
leading to a continuous scaffold of protein subunits. Dimers added
to this complexwill then adopt the A/B conformation, because the
existing structure prevents folding of their arms. Earlier models of
CCMVassembly also proposed that capsid assembly is initiated
by a hexamer of dimers (Johnson and Speir, 1997). However, the
β-annulus was found to be absent in Carnation mottle virus,
which is otherwise structurally homologous to TBSV (Morgu-
nova et al., 1994). In SeMV, the β-annulus is formed by three sets
of β interactions, in which residues 48–53 from one C-subunit
make hydrogen bonding interactions with residues 54–58 of the
neighboring three-fold axis related C-subunit (Fig. 1). Even in
SeMV, β-annulus was considered to be important for the as-
sembly of T=3 capsids.
The full length CP of SeMV, when expressed in E. coli, as-
sembled into T=3 capsids that closely resembled native particles
(Lokesh et al., 2002; Sangita et al., 2005). These particles encap-
sidated 23S rRNA and CP mRNA. Deletion of 36 N-terminal
residues encompassing the arginine rich motif without affecting
the β-annulus or the β-arm forming segment resulted in the
mutant CP that assembled into predominantly T=1 particles and
pseudo T=2 particles (Lokesh et al., 2002, Sangita et al., 2004).
ΔN65 CP assembled exclusively into T=1 particles. This dele-
tion eliminates the arginine rich motif, theβ-annulus and theβ-A
segment. Based on these results, it was proposed that a pentamer
of A, B dimers could initiate the assembly of T=3, pseudo T=2
and T=1 particles. In a further study, it was shown that replace-
ment of the arginines of amino terminus by glutamates resulted in
the formation of empty T=3 particles suggesting the importance
of arginine residues for RNA encapsidation (Satheshkumar et al.,
2005). These observations suggest that the particle morphology
in SeMV is dictated by the length of the amino terminal segment.
In a β-annulus deletion mutant (rCP (Δ48–59)), where residues
48 to 59 of the coat protein were deleted while retaining the
arginine rich motif and the β-arm, the capsid assembly and
stability were unaffected. The deletion construct, when expressed
in E. coli, assembled to form virus like T=3 particles resembling
native virus particles and with a capsid melting temperature of
86 °C as in the native capsids (Satheshkumar et al., 2005). Since
the crystal structure of the mutant was not known, it was specu-
lated that the β-annulus can either be absent or that the neigh-
boring aminoacid residues form the β-annulus in the absence of
the original residues.
To resolve this, in the present study, the crystal structure of
the rCP (Δ48–59) deletion mutant capsid was determined. The
results demonstrate that indeed the β-annulus is absent in these
capsids and yet the capsid structure closely resembles that of
intact rCP particles. Therefore capsid assembly in the native
virus can proceed without the formation of the β-annulus and
Table 1
Refinement statistics of rCP (Δ48–59)
Parameters
Number of protein atoms in subunit A 1447
Number of protein atoms in subunit B 1447
Number of protein atoms in subunit C 1556
Number of ions in the asymmetric unit 3
Rwork (Final%) 25.7 (38.3)
Rfree (Final%) 25.8 (36.2)
Total number of reflections 2,18,390
Mean B factor (Å2) 24.64
RMSD
Bond length (Å) 0.009
Bond angle (°) 1.5
Dihedral angle (°) 25.2
Improper angle (°) 1.01
Ramachandran statistics (%)
Most favored region 81.6
Additionally allowed region 17.3
Generously allowed region 0.8
Disallowed region 0.4
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of the particle assembly.
Results and discussion
The structure of rCP (Δ48–59) capsid was successfully
determined to 3.6 Å resolution by molecular replacement start-
ing from the structure of rCP capsid as the phasing model. The
overall quality of the resulting electron density map was good.
(Fig. 2). Most of the side chains could be fitted into the density
without ambiguity. The model was refined to final Rwork and
Rfree of 25.7% and 25.8% respectively. However, due to the
20-fold non-crystallographic symmetry averaging carried out
during the refinement, Rfree is not independent of Rwork and
might not reflect the quality of refinement. The bond lengths and
angles in the final model agree well with the standard values of
the respective parameters. The majority of the residues are in the
favorable regions of the Ramachandran map (Ramachandran
and Sasisekharan, 1968). The refinement and data-quality sta-
tistics are shown in Table 1.
The rCP (Δ48–59) polypeptide fold has a similar organiza-
tion of secondary structural elements as those of the native and
recombinant capsid proteins with the core made of aβ-sandwich
jelly roll motif. A- and B- subunits were ordered only from
residues 73 and 72, respectively, where as the C-subunits were
ordered from residue 44. There was no electron density at
positions equivalent to the residues 48–54 of native or rCP
capsids. Further, only alanine residues could be modeled at
positions equivalent to residues 55–58 of native or rCP capsids.
These observations indicate that the β-annulus is absent in rCP
(Δ48–59). It has been shown that RNA encapsidation by rCP
and rCP (Δ48–59) capsids are similar (Satheshkumar et al.,
2005). However, no significant electron density was observed
for RNA.
The A, B and C subunits of the mutant capsid could be
superposed well with the corresponding subunits of the wild
type virus by small rotations and translations (Table 2). The
largest rotation required is only 1.1° (B/B) and the largest
translation required is 0.9 Å (A/A). The superposition of the A,
B and C subunits of the mutant on the corresponding three
subunits of the native virus particles results in an rmsd of 0.47 ÅFig. 2. Stereo view of a representative section of the electron density before
averaging at 1σ level.showing that the quasi-trimeric structure of the three protein
subunits constituting the icosahedral asymmetric unit is strictly
conserved. A comparison of the corresponding Cα positions of
the C-subunit of the mutant with the native virus C-subunit
showed that there were no significant differences except for
residues close to the deleted segment.
In TBSV, Hsu et al. (2006) have shown that the β-arm,
β-annulus and three residues of the R-domain are sufficient
for the formation of T=3 capsids. Deletion of R-domain and a
few residues of the β-annulus resulted in the exclusive forma-
tion of T=1 particles. In Cucumber necrosis virus, (CNV) it
was shown that though β-annulus is not essential for particle
accumulation in plants, it contributed to both particle stability
and fungal transmissibility (Hui and Rochon, 2006). In CNV,
mutation of a conserved proline involved in the formation of
the β-annulus structure to a glycine (P73G), though resulted in
poor transmission of the virus by its fungal vector, did not
affect the level of accumulation of the virus particles in the
infected cucumber plants, suggesting that either the substitution
with glycine does not have a detrimental effect on annulus
formation, or that the annulus is not absolutely essential for
virus assembly (Kakani et al., 2004). In SeMV capsid protein,
deletion of the amino terminal arginine rich motif results in the
formation of T=1 and T=2 particles although the sequence
corresponding to the β-annulus and β-arm is retained (Lokesh
et al., 2002). Mutation of the conserved proline53 that occurs
at a crucial kink in the annulus structure to alanine did not
affect either the kink or the conformation of the annulus. This
suggested that the hydrogen bonding interactions of theTable 2
Rotation and translation required to superpose the A, B and C subunits of rCP
(Δ48–59) with the corresponding subunits of the wild type enzyme
Subunits Rotation (°) Translation (Å)
A/A 0.37 0.87
B/B 1.12 0.42
C/C 0.66 0.01
Fig. 4. Structure-based sequence alignment of the C-subunit of rCP (Δ48–59)
(BDEL) with the C-subunits of other sobemogroup viruses— Sesbania mosaic
virus (SeMV), Southern bean mosaic virus (SBMV), Rice yellow mottle virus
(RYMV), Cocksfoot mottle virus (CfMV). Partially conserved residues are
shown in blocks with white background. The residues involved in the β-annulus
formation in SeMVare highlighted in cyan. The conserved proline in this region
is marked by⋆. Partially conserved residues in the β-annulus region are marked
by ▲. Secondary structural elements shown above the sequences correspond to
rCP (Δ48–59).
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residue 53 and proline may further stabilize the structure
(Sangita et al., 2005).
Earlier assembly studies by Satheshkumar et al. (2005) have
suggested that the β-annulus is probably not essential for the
assembly of SeMV T=3 particles. The present structure of the
rCP (Δ48–59) capsids provides the first single crystal structural
confirmation of the dispensable nature of the β-annulus in the
formation of the T=3 capsids. The superposition of the three
C-subunits related by the icosahedral three-fold axis of the native
virus and the corresponding subunits of the β-annulus deletion
mutant is shown in Fig. 3. The deletion of the residues 48 to 59
resulted in abolition of the β-annulus structure at the icosahedral
three-fold axis. The remaining residues of the N-terminal seg-
ment did not form compensatory hydrogen bonds to form the
annulus structure. Structure-based sequence alignment of the
C-subunit of the β-annulus deletion mutant with the C-subunit
of other sobemoviruses also clearly shows that the β-annulus isFig. 3. (a) Superposition of the C-subunits of the native capsid protein and rCP
(Δ48–59) capsids, represented in olive and red respectively. (b) Superposition
of the residues in the β-annulus region.completely absent and the neighboring residues have not com-
pensated for the deletion by taking up the conformation of the
β-annulus (Fig. 4). There were no significant intersubunit in-
teractions at the icosahedral three-fold axis between subunits
related by three-fold axis symmetry. It is likely that the forma-
tion of the β-annulus is sequence specific and therefore is
not formed by the remaining residues of the amino terminal
segment. However, it is also possible that the formation of
the β-annulus is dependent on the length of the polypeptideFig. 5. C/C dimer of (a) wild type and (b) rCP (Δ48–59) viewed perpendicular
to an icosahedral two-fold axis, along a line connecting adjacent three-fold axes.
B and C subunits on one side and the two-fold axis related B and C on the other
side are shown. The β-annulus and β-arm atoms are shown as spheres. (c) A
schematic representation of the orientation.
Table 4
Comparison of distances of the centroids of A, B and C subunits from the viral
center of the β-annulus deletion mutant with that of rCP and native virus
Subunit rCP (Δ48–59) (Å) rCP (Å) Native (Å)
A subunit 134.6 135.9 135.6
B subunit 128.5 129.2 129.2
C subunit 126.4 126.5 126.4
Table 5
Data collection statistics of rCP (Δ48–59)
Parameter
Space group R3
Unit cell parameters
a=b=c (Å) 288.79
α=β=γ (°) 61.7
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dimeric units viewed perpendicular to the icosahedral two-fold
axis along a line connecting adjacent three-fold axes in the wild
type as well as the mutant capsids. It may be observed that the
curvature is strictly conserved even in the absence of the annulus.
Apparently,β–A segment alone is sufficient to confer the required
curvature.
In a similar study on CCMV, the residues involved in the
formation of β-hexamer were deleted. Cryo EM and 3-D image
reconstruction confirmed the absence of β-hexamer structure in
particles obtained in vitro and in vivo. (Willits et al., 2003).
From these observations, it was concluded that the β-hexamer
structure is not required for virion formation in the absence of
nucleic acid in vitro or for RNA containing virus in vivo.
The intersubunit contacts between the five-fold axis, quasi
three-fold axis, and quasi two-fold axis related subunits of the
mutant are closely similar to those in native and rCP capsids.
The interface area between the B- and C-subunits related by the
pseudo six-fold axis is 2339 Å2 and 2337 Å2 in the native virus
and rCP, respectively. With the deletion of the β-annulus
forming residues in the mutant, the interactions in this interface
are significantly reduced, leading to a buried surface area of
1771.4 Å2 in rCP (Δ48–59) capsids. A few new polar contacts
observed in this interface but not in native capsids or rCP are
listed in Table 3. These additional contacts might be important
for holding the C-subunits at the quasi six-fold axis in the
absence of the β-annulus. The buried surface area in the ico-
sahedral two-fold axis i.e., C1–C2 interface (1097 Å2) has also
reduced compared to that in native and rCP capsids (1690 Å2
and 1554 Å2, respectively). The number of inter subunit con-
tacts at this interface is only 15 compared to 41 contacts in the
native virus. In the mutant, the A1–A2 interface at the five-fold
axis buries the largest surface area (2039.9 Å2).
The unit cell dimension of the R3 cell of the mutant has
shrunk by 2.5 Å compared to the unit cells of native and rCP
capsids. Distances of the centroids of A, B and C subunits from
the viral center for rCP (Δ48–59) are also less than those for
rCP and native virus (Table 4). The deletion of the β-annulus
structure has widened the opening at the icosahedral three-fold
axis of the mutant, which has an approximate diameter of 10 Å
in comparison with rCP, which has a diameter of around 7 Å.
Several ss-RNA viruses stabilized by protein-RNA and metal
ionmediated protein–protein interactions disassemble into dimers
upon treatment with EGTA followed by addition of 4 M LiCl. A
single mutation W170K in SeMV was found to result in stable
dimers that did not assemble into capsids (Anju et al., unpublished
observation). Pentamer of dimers of protein subunits have been
suggested as the initiating unit for capsid assembly in CCMV
(Zlotnick et al., 2000), SBMV (Rossmann et al., 1983), SeMVTable 3
List of new polar contacts at the quasi six-fold interface for rCP (Δ48–59)
Source atom (in B-subunit) Target atom (in C-subunit) Distance (Å)
Ser 171 OG Ala 56 O 3.41
Thr 187 O Arg 61 NH1 3.23
Ser188 O Ala 59 N 3.06
Asp 238 OD2 Arg 249 NH2 2.17(Lokesh et al., 2002) and Brome mosaic virus (Krol et al., 1999).
Savithri and coworkers (Satheshkumar et al., 2005) carried out
detailed mutational studies on SeMV polypeptides and proposed
a pathway for SeMV assembly. It was suggested that the as-
sembly of T=3 capsids can indeed proceed in the absence of the
formation of the β-annulus starting from pentamers of dimeric
units. The results presented here provide structural support for the
proposed assembly model. However, the precise steps in the
assembly and the mechanism by which quasi equivalence of
subunits is achieved needs further investigation.
Materials and methods
Purification and crystallization
The rCP (Δ48–59) mutants was purified by sucrose density
gradient centrifugation in 0.05 M sodium acetate buffer at pH 5.5
using previously described protocols (Lokesh et al., 2002). Since
the crystals obtained in the native condition did not diffract X-
rays, a fresh screening was carried out. The crystal used for data
collection was obtained using the sitting drop method by
precipitating capsids at a concentration of 10–12 mg/ml with
0.2 M Li2SO4 monohydrate, 0.1 M BisTris (pH 7.5) and 25%
PEG 3350. The drop contained 6 μl of protein and 5 μl of the
precipitant. The capsid crystallized in the space group R3 with
one virus-like particle in the unit cell.
Data collection and processing
X-ray diffraction data were collected to 3.6 Å resolution from
a single crystal of rCP (Δ48–59) at 100 K. A MAR345 imaging
plate detector was used to record the reflections. The detector was
mounted on a RIGAKU RU-200 rotating anode X-ray generatorResolution limits (Å) 50–3.6 (3.7–3.6)
Total number of observations 42,99,448
Number of unique reflections 2,62,266
I/σI 5.7 (1.8)
Completion (%) 99.3 (99.0)
Rmerge (%)
a 17.4 (48.4)
aRmerge=∑hj |Ihj− 〈Ih〉| /∑ Ihj, where Ihj is the jth observation of reflection h and
〈Ih〉 is its mean intensity.
Values in parentheses refer to the highest resolution shell.
195A. Pappachan et al. / Virology 375 (2008) 190–196equipped with a 200 μm focal cup. An osmic mirror system was
used to focus the X-ray beam. Prior to data collection, the crystals
were exposed for one minute to a cryoprotectant mixture con-
taining 20% (v/v) glycerol in the crystallization buffer. Images
were collected with an oscillation angle of 0.5° and an expo-
sure time of thirty minutes. The crystal to film distance was set to
300mmand a total of 200 frameswere recorded. The frameswere
indexed using DENZO and the processed frames were scaled and
post-refined using SCALEPACK (Otwinowsky and Minor,
1997). The data-processing statistics are listed in Table 5.
Structure solution and refinement
To confirm the icosahedral symmetry, self-rotation functions
were calculated for rCP (Δ48–59) for κ=72°, 120° and 180°
using the program GLRF (Tong and Rossmann, 1990). Since the
rotation functions were very similar to those of recombinant
capsids, the coordinates of rCP were used for calculating the
phases of reflections of the mutant data. The structure was refined
using CNS v.1.1 (Brunger et al., 1998). At the end of every cycle
of refinement, Fourier maps were calculated and the model was
visualized and adjusted using the graphics program O (Jones
et al., 1991). Cyclic 20 fold NCS averaging further improved the
electron density map.
Stereochemical quality of the model was assessed using
PROCHECK (Laskowski et al., 1993). Structural superpositions
were carried out using the program ALIGN (Cohen, 1997). The
program PYMOL (DeLano, 2002) was used to generate all the
figures. Structure-based sequence alignment was done using the
program MUSTANG (Konagurthu et al., 2006) and the aligned
sequences were illustrated with the program ESPript (Gouet
et al., 2003).
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